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We investigated the inhibitory interaction potential of 22 currently marketed antituberculosis (TB) drugs on organic anion-
transporting polypeptide 1B1 (OATP1B1)-, OATP2B1-, and OATP1B3-mediated uptake using in vitro Xenopus oocytes and
HEK cells. Rifabutin, ethambutol, amoxicillin, linezolid, p-amino salicylic acid, and rifapentine exhibited mild to moderate in-
hibitory effects on OATP-mediated uptake of estrone-3 sulfate, estradiol 17�-D-glucuronide, and rosuvastatin. The 50% inhibi-
tory concentration (IC50) values of rifabutin, amoxicillin, ethambutol, p-amino salicylic acid, and linezolid were 35.4, 36.2, 57.6,
72.6, and 65.9 �M, respectively, for uptake mediated by organic anionic transporter polypeptide 1B1 (OATP1B1) and 28.8, 28.9,
53.9, 31.5, and 61.0 �M, respectively, for uptake mediated by organic anionic transporter polypeptide 1B3 (OATP1B3). Strepto-
mycin and linezolid showed greater inhibition of organic anionic transporter polypeptide 2B1 (OATP2B1)-mediated uptake,
with IC50 values of 33.2 and 35.6 �M, respectively, along with mild inhibition of other drugs. Furthermore, rifabutin, amoxicil-
lin, and rifapentine significantly inhibited OATP1B1-mediated rosuvastatin uptake, with IC50 values of 12.3, 13.0, and 11.0 �M,
respectively, which showed a similar profile to estrone-3 sulfate uptake. The calculated R values ([I]u inlet,max/Ki, where
[I]u inlet,max represents the maximum estimated inhibitor concentration inlet to the liver and Ki is the inhibition constant) as the
drug-drug interaction (DDI) indexes of PAS, ethambutol, and amoxicillin were 26.1, 6.5, and 4.3 for OATP1B1 and 52.0, 8.0, and
4.6 for OATP1B3, and those for streptomycin, amikacin, and linezolid were 5.0, 4.2, and 4.4 for OATP2B1, respectively, suggest-
ing a higher possibility of in vivo DDIs. This study is the first comprehensive report to show the novel inhibitory potential of 22
marketed anti-TB drugs on OATP-mediated uptake, providing evidence for future in vivo clinical DDI studies.

Membrane transporters mediate the uptake and efflux of a
broad variety of drugs and drug metabolites (1). Uptake

transporters primarily belong to the solute carrier (SLC) super-
family. The expression patterns of transporters differ among tis-
sues, such as the small intestine, liver, and kidneys (2). Inhibition
or induction of organic anion-transporting polypeptide (OATP)
transporter uptake plays a key role in the drug’s pharmacokinet-
ics, resulting in potential adverse effects (3). Thus, the role of
transporters can be significantly associated with clinical pheno-
types (4, 5). Translocation of one drug compound by a second
drug is a major cause of drug-drug interactions (DDIs). Such
translocations can occur with the inhibition of OATP transporters
which can greatly affect the pharmacokinetics of a wide range of
clinically used drugs (6). Hepatic uptake of drugs is facilitated by
solute carrier (SLC) family transporters. To date, approximately
400 human SLC transporter genes have been reported within the
SLC superfamily and classified into 46 subfamilies (7). Among the
members of the superfamily, the OATP subfamily plays a major
role in drug disposition in hepatocytes (8). In the liver, OATP
transporters play a key role in DDIs due to expression and sub-
strate specificity and function. Drugs that affect OATPs as inhib-
itors can also act as inducers of cytochrome enzymes but may or
may not cause DDIs.

The World Health Organization (WHO) has recommended
four first-line antituberculosis (anti-TB) drugs, isoniazid, rifam-
pin, ethambutol, and pyrazinamide, as initial therapies for TB.
Ten percent of TB patients have also been diagnosed with diabe-
tes, and among the 9 million TB patients diagnosed in 2011, 13%
were found to be coinfected with HIV (9). Due to multidrug reg-

imen and unwanted pharmacokinetic/pharmacodynamic (PK/
PD) effects, several DDIs and PK/PD effects have been reported in
the literature, with case reports describing adverse events, neph-
rotoxicity, drug-induced liver injury (DILI), gastrointestinal (GI)
disruption, serotogenicity, ocular toxicity, and neurotoxicity as-
sociated with INH, LZD, RIF, and EMB use during anti-TB ther-
apy (9–12). A clinical DDI has also been reported to have taken
place between theophylline and erythromycin via the OAT2 trans-
porter (13). Rifampin is a first-line drug of choice to treat TB and
has strong inhibitory potential against OATP-mediated uptake,
which is likely to result in clinical DDIs (14). Rifampin also a
substrate of the OATP1B1 (15) and OATP1B3 (16) membrane
transporters, and several DDI studies have assessed and reported
that competitive inhibition of OATP1B1/1B3 by rifampin may
lead to reduced hepatic uptake of substrates. Studies on hepatic
uptake of OATP1B1-mediated drugs have resulted in a list of sev-
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eral compounds considered to be of clinical importance. The in-
hibitory effect of rifampin against OATP1B1-mediated uptake of
the statin substrate pitavastatin was observed, and DDI prediction
was based on in vitro data extrapolation using a static modeling
approach (17).

Several statin drugs are known substrates of OATP2B1, includ-
ing atorvastatin (18), rosuvastatin (19), and fluvastatin (20): these
drugs can interact with other substrates, such as aliskiren (21),
amiodarone (22), and glibenclamide (23), in the clinical setting
and likely involve an interaction with OATP1B1 and/or OATP2B1
in the liver. The transporter-related study data can improve the
patient safety and efficacy by selecting the optimum drug(s)/dose/
regimen for patients who are taking medications known to be
OATP substrates, such as statins or anti-HIV drugs. Data regard-
ing transporter-mediated uptake/efflux inhibition by 22 marketed
anti-TB drugs were not well characterized before: to address this
issue, we conducted this study. We hypothesized that, not only
rifampin, but other anti-TB drugs may have the potential to
inhibit OATP transporter-mediated uptake which may cause
DDIs. The aim of this study was to investigate the OATP1B1-,
OATP2B1-, and OATP1B3-mediated uptake inhibitory effects
and DDI potentials of 22 currently marketed anti-TB drugs using
Xenopus oocytes and the HEK cell system. Significant inhibition
was further characterized by kinetic investigations, which were
further used to evaluate the in vivo DDI index (R value). The
pharmacokinetic parameters of the inhibitors used to calculate R
values are shown in Table S1 in the supplemental material (41–
62). The results of this study may be helpful in designing person-
alized TB management regimens.

MATERIALS AND METHODS
Chemicals and reagents. [3H]estrone-3-sulfate ([3H]ES [2.12 TBq/
mmol]) and [3H]estradiol 17�-D-glucuronide ([3H]E2G [1.27 TBq/
mmol]) were purchased from PerkinElmer (Waltham, MA). All anti-TB
drugs, isoniazid (INH), ethambutol (EMB), pyrazinamide (PZA), rifam-
pin (RIF), rifabutin (RFB), amikacin (AMK), kanamycin (KAN), strepto-
mycin (STR), moxifloxacin (MXF), ciprofloxacin (CIP), levofloxacin
(LVX), cycloserine (CS), p-aminosalicylate acid (PAS), prothionamide
(PRO), ethionamide (ETA), linezolid (LZD), amoxicillin (AMX), clari-
thromycin (CLR), roxithromycin (RXM), clofazimine (CFZ), bedaqui-
line (BQN), and rifapentine (RFP), were purchased from Sigma-Aldrich.
Other reagents used in this study were purchased from commercial sup-
pliers.

Generation of HEK293 cells stably expressing OATP1B1 and
OATP2B1. HEK293 cells were grown in tissue culture flasks in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 1% nonessential amino acids, 2 mM L-glutamine, and 100
U/ml polysaccharide (PS). The pcDNA3.1-OATP1B1, pcDNA3.1-
OATP2B1, and pcDNA3.1 plasmid vectors without inserts were trans-
fected into HEK293 cells using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s protocol. At 24 h after the transfection, the cells
were subcultured in medium containing 400 �g/ml Geneticin (Invitro-
gen). Cell clones were isolated using a cloning cylinder (24). Among the
cell clones obtained, those showing the highest level of uptake for their
specific-substrates were selected and designated HEK-OATP1B1 and
HEK-OATP2B1. The OATP1B3 cDNA was transiently transfected into
HEK293 cells using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions.

Construction of HEK293 cells transiently transfected with
OATP1B3 cDNA. HEK293 cells were maintained in a humidified atmo-
sphere of 5% CO2–95% air and grown in DMEM supplemented with 10%
FBS, 2 mM L-glutamine, and 100 U/ml PS. The medium was changed
every 2 days. After the culture had reached 90% confluence, the cells were

trypsinized and24-well plates were seeded at a density of 2 � 105/well. At
90% confluence, the cell culture medium was replaced with serum-free
medium 2 h before transfection. Transient transfection of pcDNA3.1 and
pcDNA3.1-OATP1B3 into HEK293 cells was performed using Lipo-
fectamine 2000. After transfection, the cells were incubated for 48 h at
37°C. Uptake studies were performed after the transfected cells formed a
monolayer. The medium was removed from the HEK293 cell cultures,
and the cells were washed with DMEM and preincubated for 1 h with
serum-free DMEM at 37°C.

Cell culture. HEK-OATP1B1, HEK-OATP2B1, and HEK-OATP1B3
cells were grown in tissue culture flasks in DMEM supplemented with
10% FBS, 1% nonessential amino acids, 2 mM L-glutamine, and 100 U/ml
PS at 37°C in 5% CO2–95% air. The confluent cell layer was harvested
using trypsin-EDTA, resuspended in culture medium, and replated. This
process was repeated to obtain sufficient cells for the experiment.

[3H]ES and [3H]E2G cellular uptake studies: transport measure-
ments using Xenopus laevis oocytes. For inhibition experiments, the
probe substrate, TB drugs, and positive-control inhibitor were diluted
in ND96 solution. Oocytes expressing OATP1B1, OATTP2B1, and
OATP1B3 were incubated for 60 min in ND96 solution containing 45 nM
[3H]ES and 60 nM [3H]E2G in the absence or presence of inhibitors. The
incubation was terminated by adding ice-cold ND96 solution. After being
washed five times, each oocyte was transferred to a scintillation vial and
solubilized in 0.35 ml 10% SDS. After addition of scintillation fluid, the
radioactivity in each oocyte was counted using a liquid scintillation
counter.

Uptake of [3H]ES and [3H]E2G into HEK cells. We evaluated the
cellular uptake of [3H]ES and [3H]E2G. Twenty-four-well culture plates
were seeded with HEK-OATP1B1, HEK-OATP2B1, and HEK-OATP1B3
cells at a density of 2 � 105/well and incubated in an atmosphere of 5%
CO2–95% air at 37°C for 1 day. After the cells reached �90% confluence,
the cell monolayers were washed twice with phosphate-buffered saline
(PBS) and preincubated for 20 min after replacing the medium with
DMEM lacking FBS and PS. The cells were incubated in medium contain-
ing 45 nM [3H]ES and 60 nM [3H]E2G for 5 min at 37°C, after which the
medium was aspirated immediately. The cell monolayers were washed
three times with ice-cold PBS and solubilized in 1% Triton X-100 for 30
min at room temperature on a shaker. The amount of accumulated sub-
strate within the cells was determined by measuring the radioactivity us-
ing a liquid scintillation counter (PerkinElmer).

[3H]ES and [3H]E2G uptake inhibition by anti-TB drugs. To evalu-
ate the inhibitory effect of anti-TB drugs on the cellular uptake of [3H]ES
and [3H]E2G, the HEK-OATP1B1, HEK-OATP2B1, and HEK-OATP1B3
cells were stably transfected. Rifampin (100 �M) for OATP1B1 and bro-
mosulfophthalein (BSP [30 �M]) for OATP2B1 and OATP1B3 were used
as positive-control inhibitors for uptake inhibition. The amount of sub-
strate that accumulated within the cells was determined by measuring the
radioactivity using liquid scintillation counting.

Effect of anti-TB drugs on rosuvastatin uptake by OATP1B1. To
determine the inhibitory potential of anti-TB drugs, we used rosuvastatin
as a sensitive substrate according to the FDA guideline for OATP1B1 drug
interaction studies in vitro. We followed the same method described
above, using rosuvastatin (1 �M) in the presence or absence of anti-TB
drugs (100 �M). Aliquots (120 �l) of cell samples after rosuvastatin up-
take were analyzed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) to detect rosuvastatin uptake.

Sample preparation and LC-MS/MS analysis. Detection of rosuvas-
tatin was performed as described previously (38). Briefly, after aspiration
of the cellular uptake medium and being washed with ice-cold Dulbecco’s
phosphate-buffered saline (DPBS) three times, cells were solubilized in
0.1 M sodium hydroxide. The cells were collected by adding 100 �l ace-
tonitrile (ACN [70%]) in a 1.5-ml tube, homogenized by sonication (3 to
5 s), and centrifuged (13,000 rpm, 10 min). The supernatant was recov-
ered, and after addition of an internal standard (IS) compound for LC-
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MS/MS and vortexing for 3 s, the solution was transferred to a LC-MS/MS
vial for detection of rosuvastatin uptake into the cells.

Data analysis and kinetics of the uptake study. For the experiments,
eight Xenopus oocytes and three wells of the cell system were used for each
drug concentration. The values obtained in each experiment are expressed
as means � standard deviation (SD). To ensure that uptake inhibition
only occurred with the selected transporters, we used mock cells as con-
trols and a positive control for all experiments. Inhibition kinetics (50%
inhibitory concentration [IC50]) were determined using the inhibitory
effect model, E � E0 � {1 � [C/(C 	 IC50)]}, where E0 indicates inhibi-
tory effect, E indicates the uptake of 9% of the control, and IC50 is the
concentration for 50% inhibitory effect in Winnonlin (Parasight, version
5.1) and Sigmaplot 8.0 (SPSS, Inc., Chicago, IL).

Furthermore, we estimated the inhibition constant, Ki, with the equa-
tion Ki � IC50/1 	 [S]/Km, which was established by Amundsen et al. (25),
where Km indicates the Michaelis-Menten constant of the substrate bind-
ing affinity for the transporter, and [S] indicates the substrate concentra-
tion in the incubation buffer used in the in vitro uptake inhibition exper-
iment.

Prototype radioisotope substrate uptake was expressed as a volume,
determined as the substrate amount associated with the cells (disintegra-
tions per minute per well or picomoles per well) divided by the incubation
concentration of the buffer (disintegrations per minute per milliliter or
picomoles) and the amount of protein (milligrams of protein per well).
The net uptake of OATP1B1, OATP2B1, and OATP1B3 was determined
by subtracting the total amount of uptake in control cells from the uptake
in OATP transporter-expressing cells. The kinetic parameter (concentra-
tion-dependent uptake) was evaluated by the Michaelis-Menten equation
and followed a previously published method (26).

Drug-drug interaction index prediction using a static model. To re-
late our findings to clinical applications, we calculated the DDI index
(26–28) according to the FDA guideline for OATP using total Cmax and
the unbound concentration (based on clinical data and label of the drugs)
for each drug and Ki for the probe and rosuvastatin from our in vitro data,
by plotting the equation mentioned in the FDA guideline and other re-
ports (26, 29–31) to predict the possibility of a clinical DDI. There are
several guidelines and specifications for DDI prediction from the FDA
(draft version 2012), CDER (2012), the European Union (Committee for
Human Medicinal Products, 2012), and Japan (Ministry of Health, Labor,
and Welfare, 2014). The FDA recommends two steps for a decision-mak-
ing tree to evaluate the inhibition of hepatic uptake transporters.

As a first step for calculating DDI for the inhibitory potential of any
drug affecting substrate uptake by transporters, the R value was calculated
as recommended by the FDA and others as R � 1 	 Cmax/Ki, where Cmax

indicates the maximum concentration of the inhibitor present in the sys-
temic (bound 	 unbound) circulation. As a second step, the FDA, EMA,
and MHLW recommend using the equation R � 1	 [I]u inlet,max/Ki,
where [I]u inlet,max indicates the maximum estimated inhibitor concentra-
tion inlet to the liver, as shown by the equation [I]u inlet,max � fu � [Imax 	
(Ka � Fa � Fg � dose)/Qh], where Fu is the unbound fraction of an
inhibitor in the systemic circulation, calculated by assuming the blood-
to-plasma (B/P) ratio, Imax is the maximum concentration of an inhibitor
present in the blood, Ka is the absorption rate constant of the inhibitor, Fa

is the absorbed fraction dose of the inhibitor, Fg is the fraction of the
absorbed inhibitor dose from gut wall extraction, “dose” is the dose of the
inhibitor, and Qh is the hepatic blood flow rate (97 liters/h) (EU, Com-
mittee for Human Medicinal Products, 2012; Japan, Ministry of Health,
Labor, and Welfare, 2014). We determined the R value using Ka � 0.1/
min and Fa � Fg � 1 to avoid the risk of false-negative DDI predictions in
our study, as described previously (26).

Statistical analysis. We used a two-sided Student’s t test to determine
the statistical significance of differences between control and test data.
Results are expressed as means � SD. P values of 
0.05 were considered
to indicate a statistically significant difference from the control.

RESULTS
Uptake of [3H]ES and [3H]E2G. Uptake values of [3H]ES for
OATP1B1 and OATP2B1 and [3H]E2G for OATP1B3 were deter-
mined (Fig. 1) as a positive control (prototype substrate) in the
experiments. In transporter-overexpressing Xenopus oocytes, we
found the uptake values to be 23-, 12-, and 15-fold higher, respec-
tively, than those of the control (see Fig. S1 in the supplemental
material), and in the HEK-1B1-, HEK-2B1-, and HEK-1B3-over-
expressing cells, the probe substrate uptake values were 10-, 9-,
and 10-fold higher, respectively, than those of the control (mock)
cells (Fig. 1). These results indicated that the cells were suitable for
conducting uptake experiments. The uptake kinetics of the probe
substrate indicated that the transfected HEK-OATP1B1, HEK-
OATP2B1, and HEK-OATP1B3 cells were suitable for use in the
uptake experiment (Table 1) using nonlinear kinetics, as de-
scribed in Materials and Methods. We also assessed the time-de-
pendent uptake of the probe substrate (data not shown) in trans-
fected cells. We chose 5 min for the uptake experiments, as
reported previously (31).

Effects of anti-TB drugs on OATP1B1-mediated [3H]ES up-
take. In the OATP1B1-overexpressing HEK293 cell uptake exper-
iments, 100 �M RIF was used as a positive-control inhibitor, and
it almost totally abolished [3H]ES uptake, by 93%, compared with
that of control cells (Fig. 2). Next, RFB, EMB, PAS, AMX, and RFP
showed significant inhibition of [3H]ES uptake by 87, 76, 70, 72,
and 80%, respectively, compared with control uptake. INH, PZA,
LZD, CLR, and BQN showed moderate inhibitory effects (40 to
65%), and PRO, ETA, and CFZ showed mild inhibition of [3H]ES
uptake (Fig. 2A); these results were similar to those for Xenopus
oocytes (data not shown). From this inhibition screening, we es-
timated the inhibitory kinetics (IC50) and Ki for the potent drugs

FIG 1 Uptake of (A) 45 nM [3H]ES in human OATP1B1 (hOATP1B1)- and
hOATP2B1-transfected HEK293 cells and (B) 60 nM [3H]E2G uptake in
hOATP1B3-transfected HEK293 cells. Mock-transfected [pcDNA3.1(	)
transfection] HEK293 cells were used as the negative control. Data represent
the means � SD from three or more independent experiments (n � 3) *, P 

0.05, **, P 
 0.01, and ***, P 
 0.001, significantly different compared with
percentage of uptake in controls.
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at a concentration range of 1 to 200 �M. Furthermore, estrone
sulfate, a prototype substrate for OATP1B1, was used at a lower
concentration than its Km value in the presence of the anti-TB
drugs. The anti-TB drugs showed concentration-dependent inhi-
bition of uptake (Fig. 3), and the estimated IC50 values for RFB,
EMB, PAS, AMX, LZD, and RFP were 35.4, 57.6, 72.6, 36.2, 65.9,
and 26.7 �M, respectively (Table 2).

Effects of anti-TB drugs on OATP2B1-mediated uptake. We
also assessed whether the anti-TB drugs had inhibitory poten-
tial on OATP2B1-mediated uptake in in vitro experiments. In
stably transfected cells, in an OATP2B1-mediated uptake
study, 30 �M BSP was used as positive-control inhibitor, and it
almost abolished [3H]ES uptake, by 80%, compared with con-
trol cells. RFB, KAN, STR, LZD, AMX, and RFP showed signif-

TABLE 1 Functional characterization of stably transfected HEK-OATP1B1 and HEK-OATP2B1 cells and transiently transfected HEK-OATP1B3
cells for uptake of radiolabeled in vitro probe substratesa

Substrateb Transporter Km (�M) Vmax (pmol/min/mg protein) CLint (�l/min/mg protein) Reported Km (�M)c

[3H]ES OATP1B1 2.3 28.0 12.17 2.4 (37), 12.5 (38)
[3H]ES OATP2B1 5.8 32.0 6.4 7.1 (23), 8.09 (39), 10.2 (40)
[3H]E2G OATP1B3 8.4 12.0 1.52 15.8 (37), 24.6 (17)
a Shown are the intracellular uptake kinetics of the cells derived from in vitro experiments: Km, Michelis-Menten constant; Vmax, maximum rate of uptake; CLint, intrinsic clearance
per unit of time. Data represent the mean values from triplicate experiments.
b [3H]estrone-3-sulfate ([3H]ES) for OATP1B1 and OATP2B1 and [3H]estradiol �-D-glucuronide ([3H]E2G) for OATP1B3 with the substrate in a concentration range of 0.1 to
100 �M were normalized to the control and used to determine cell function.
c Reported Km values represent previously published reference data from the references cited in parentheses.

FIG 2 Screening of the inhibitory effects of 22 anti-TB drugs on uptake ability. (A) [3H]ES (45 nM) in stably transfected HEK-OATP1B1 cells. (B) [3H]ES (45
nM) in stably transfected HEK-OATP2B1 cells. (C) [3H]E2G (60 nM) in transiently transfected HEK-OATP1B3 cells. In the absence of any inhibitors,
OATP1B1-, OATP2B1-, and OATP1B3-mediated uptake, as a control, was compared with TB drug-mediated uptake inhibition. Rifampin for OATP1B1 and
bromosulfophthalein (BSP) for OATP2B1 and OATP1B3 were used as positive controls for uptake inhibition. Data are presented as the mean � SD value from
three or more independent experiments. *, P 
 0.05, **, P 
 0.01, and ***, P 
 0.001, significantly different compared with the percentage of uptake in the control
(no inhibitor).
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icant inhibition, of 78, 73, 72, 80, 70, and 72%, respectively, on
[3H]ES uptake. RIF, AMK, RXM, and CLR showed moderate
inhibitory effects (40 to 65%), and INH and BQN showed mild
inhibition on [3H]ES uptake (Fig. 2B). The estimated inhibi-
tion kinetics (IC50) for OATP2B1 by LZD, AMX, KAN, STR,
and RFP were 35.6, 56.6, 42.9, 33.2, and 36.1 �M, respectively
(Table 2).

Effects of anti-TB drugs on OATP1B3-mediated uptake.
Along with OATP1B1 and OATP2B1, we also evaluated
OATP1B3 uptake inhibition of anti-TB drugs in transiently trans-
fected HEK293 cells by incubation with 60 nM [3H]E2G in the
absence or presence of anti-TB drugs. The results showed that
some anti-TB drugs had inhibitory potential on OATP1B3-medi-
ated uptake (Fig. 2C). BSP was used as a positive-control inhibitor
and showed over 84% inhibition of E2G uptake by OATP1B3.
RFB, PAS, AMX, and RFP showed significant inhibition of E2G
uptake of 76, 70, 69, and 82%, respectively, by OATP1B3-trans-

fected cells compared with control cells. These results displayed a
similar profile to the Xenopus oocytes (data not shown). The
results showed that INH, LZD, CLR, and BQN had moderate
(45 to 65%) inhibition of OATP1B3-mediated uptake, and the
tested anti-TB drugs showed mild inhibitory potential. We
thus estimated the inhibition kinetics on OATP1B3-mediated
uptake of [3H]E2G (Fig. 3), and the IC50 values for PAS, RFB,
EMB, LZD, AMX, CLR, CFZ, and RFP were 31.2, 26.3, 53.2,
60.4, 28.6, 31.2, 58.2, and 70.3 �M, respectively (Table 2).

Effect of anti-TB drugs on rosuvastatin uptake by OATP1B1.
We next evaluated the inhibitory effects of anti-TB drugs on ro-
suvastatin uptake in HEK-OATP1B1 cells. The inhibitory poten-
tial for some drugs was significant compared with that of the pos-
itive-control inhibitor, rifampin. Ethambutol, linezolid, PAS,
amoxicillin, and rifabutin showed 80, 71, 73, 81, and 82% inhibi-
tion, respectively (Fig. 4). We selected those anti-TB drugs that
revealed significant inhibitory properties on OATP1B1-mediated

FIG 3 Estimation of the inhibitory kinetics of anti-TB drugs on 45 nM [3H]ES and 60 nM [3H]E2G uptake into transfected HEK cells. Inhibitory properties
overlapped for those drugs as the three-line graphs represent OATP1B1 (Œ), OATP2B1 (�), and OATP1B3 (�), two-line graphs represent OATP1B1 (�) and
OATP1B3 (Œ), and a single-line graph represents clarithromycin for OATP1B3-mediated E2G and amikacin, kanamycin, streptomycin, and roxithromycin for
OATP2B1-mediated ES uptake, respectively. The estimated IC50 was calculated by nonlinear kinetics using Winnonlin 6.0. Data are presented as the mean � SD,
relative to the control (no inhibitor), from three or more independent experiments.
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prototype substrate [3H]ES uptake. The ethambutol, linezolid,
PAS, amoxicillin, rifapentine, and rifabutin also showed concen-
tration-dependent inhibition on rosuvastatin uptake (see Fig. S3
in the supplemental material).

Drug-drug interaction index prediction by the R value. We
further evaluated the DDI index, as the R value, using a static
model to assess the correlation of the outcomes for the anti-TB
drugs having significant inhibitory potential. The R value for hu-
man OATP1B1 (hOATP1B1) showed that several anti-TB drugs
have the potential to interact with the uptake of substrates. PAS,
EMB, and AMX showed the highest DDI index R values for
OATP1B1: 26.1, 6.52, and 4.33, respectively (Table 3). Similarly,
the OATP1B1-mediated R value for rosuvastatin uptake inhibi-
tion is summarized separately (Table 4). The R value for
OATP2B1 indicated DDI potential too (Table 3): LZD, AMX,
AMK, and STR showed the highest R values, which were 4.43, 3.1,
4.21, and 5.00, respectively. Similarly, the R values for OATP1B3
of PAS, EMB, AMX, and CLR were 51.9, 8.0, 4.67, and 2.52 (Table
3), like the highest DDI index values, calculated with [I] �
[I]u inlet,max. We did not calculate R values (DDI index) for
drugs that did not significantly inhibit OATP-mediated uptake
in the screening and inhibition kinetic study.

DISCUSSION

This study revealed the inhibitory properties of anti-TB drugs on
OATP-mediated uptake and their DDI potential. Several clinically
used anti-TB drugs were found to inhibit OATP transport activity
in vitro and clinical DDIs, many of which are not OATP substrates
(30). It is noted that all substrates can competitively inhibit other
substrates that bind to the same site on OATPs. Potent inhibitors
showed 50% inhibitory concentration (IC50) values that may be
important for at least some substrates’ disposition. One study
showed that a single 600-mg intravenous dose of rifampin raised
the mean AUC of atorvastatin by more than 600%, probably by
inhibiting OATP1B1- and/or OATP1B3-mediated hepatic uptake

of atorvastatin (29). Among 22 anti-TB drugs explored by the
present study, PAS, AMX, EMB, and LZD showed the highest
inhibition potential. In the case of OATP1B1-mediated uptake
inhibition, PAS, AMX, LZD, and EMB showed high DDI indexes
(R values), suggesting high DDI potential. Following the guide-
lines for prototypical substrates, the R values determined were
greater than the corresponding cutoff values recommended by
regulatory agencies for both Cmax (R � 1.1, FDA) and [I]u inlet,max

(R � 1.25, FDA and MHLW; R � 1.04, EMA) conditions, where
the R value was expressed as the suggested value according to the
upper limit of the equivalence range by the FDA. An inhibition
potential (Ki) lower than the unbound Cmax indicates those drugs
have the potential to cause significant clinical DDIs according to
the FDA. Among the drugs tested, PAS, EMB, and AMX for
OATP1B1 (Fig. 2), LZD, AMX, AMK STR, for OATP2B1 (Fig. 2)
and PAS, EMB, LZD, and AMX for OATP1B3 showed Ki values
lower than the unbound Cmax. However, RXM for OATP2B1 and
CLR for OATP1B3 showed Ki values higher than the unbound
Cmax. Although the R value was higher than the marginal value for
DDI prediction, according to FDA, EMA, and MHLW DDI pre-
diction guidelines, this may imply that the drugs are not clinically
effective due to a lower unbound concentration than the Ki (26–
28). While the drug substrates of OATP1B3 overlap those of
OATP1B1, OATP1B3 appears to be the only hepatic OATP that
transports digoxin, docetaxel, and paclitaxel. In contrast to
OATP1B1 and OATP2B1, OATP1B3 has also been identified to
transport several substrates in vitro. In an example of a previously
reported clinical DDI, the linezolid Cmax increased almost 2-fold
when coadministered with clarithromycin in MDR-TB patients.
In this case, the possible DDI mechanism was proposed to be
transporter mediated, although this has not been confirmed
mechanistically (32). Another study in methicillin-resistant
Staphylococcus aureus (MRSA) patients showed that rifampin
caused a lower serum concentration of linezolid, possibly caused
by the induction of P450 cytochromes (CYPs) (33).

FIG 4 Inhibitory effects of anti-TB drugs on 1 �M rosuvastatin uptake in
stably transfected HEK-OATP1B1 cells. OATP1B1-mediated (in the absence
of any uptake inhibitor) uptake, as a control, was compared with uptake inhi-
bition by the TB drugs. Rifampin (RIF) was used as a positive control for
OATP1B3-mediated uptake inhibition. Data represent the means � standard
errors (SE) from triplicate experiments (n � 3). *, P 
 0.05, **, P 
 0.01, and
***, P 
 0.001, significantly different compared with percentage of uptake in
controls (no inhibitor).

TABLE 2 Summary of inhibitory kinetics (IC50) of anti-TB drugs on
hOATP1B1- and hOATP2B1-mediated uptake of [3H]ES and
hOATP1B3-mediated uptake of [3H]E2Ga

Anti-TB drug

IC50 (�M)

OATP1B1 OATP2B1 OATP1B3

PAS 72.6 � 14.0 ND 31.5 � 4.9
Rifabutin 35.4 � 2.7 57.4 � 9.4 28.8 � 1.9
Ethambutol 57.6 � 3.0 ND 53.9 � 6.7
Linezolid 65.9 � 15.9 35.6 � 6.8 61.0 � 7.7
Amoxicillin 36.2 � 2.7 56.6 � 5.1 28.9 � 4.5
Clarithromycin ND ND 31.5 � 4.22
Clofazimine ND 56.7 � 9.6 59.0 � 4.8
Rifampin 1.9 � 0.16 91.0 � 14.6 6.4 � 0.5
Amikacin ND 55.4 � 9.5 ND
Kanamycin ND 42.9 � 2.0 ND
Streptomycin ND 33.2 � 2.0 ND
Roxithromycin ND 80.0 � 5.3 ND
Rifapentine 26.7 � 4.6 36.1 � 3.5 71.0 � 9.0
a The concentrations of the in vitro prototype substrates [3H]ES and [3H]E2G were 45
and 60 nM, respectively. The corresponding substrate for the transporter was incubated
with anti-TB drugs in the concentration range of 1 to 200 �M. Data are presented as
means � SD from three or more independent experiments. The estimated IC50 was
calculated by nonlinear kinetics as described in Materials and Methods by using
Winnonlin 6.0. ND, not determined.
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The most significant findings of this study were the high R
values of EMB, AMX, and PAS for OATP uptake inhibition (Table
3). EMB is the commonly prescribed first-line anti-TB: thus, the
need for further EMB DDI studies is apparent. Similarly PAS,
which is used in the treatment of MDR/XDR-TB and other coin-
fection TB cases, can limit the uptake of coadministered OATP
substrates and increase systemic exposure; which leads to altered
pharmacokinetic and pharmacodynamic effects. AMX is no lon-
ger a common treatment for TB, having been replaced by better
therapeutic agents; however, its OATP uptake inhibition effects
are still worth noting because caution should be taken using any
drugs in regimens involving OATPs in drug disposition. Among

the aminoglycosides, streptomycin and amikacin showed high R
values for OATP2B1, which could be significant in DDIs with
statins, especially atorvastatin and pitavastatin. Furthermore, we
evaluated the inhibitory effects of anti-TB drugs on rosuvastatin
uptake via OATP1B1 to confirm their inhibitory properties. Ro-
suvastatin uptake was inhibited significantly by PAS, LZD, EMB,
and AMX in HEK-OATP1B1 cells, indicating inhibitory effects of
anti-TB drugs on the in vitro probe substrates, as well as clinically
used substrate drugs (Fig. 4). The R values for PAS, LZD, EMB,
and AMX were 55.5, 2.19, 17.9, and 10.0, respectively (Table 4).
The R values for rosuvastatin were much higher than those for the
probe substrates, indicating a higher probability of DDIs with
clinically used OATP substrates, including the statin group. One
previous study reported that inhibition of OATP1B1 was associ-
ated with rhabdomyolysis caused by cerevastatin; thus, inhibition
by anti-TB drugs may contribute to increased statin plasma drug
concentrations, which could lead to statin-induced toxicity. A
well-known polymorphism in the SLCO1B1 gene (OATP1B1)
(c.521T�C/p.V174A, rs4149056) decreases transport activity and
markedly increases the concentration of statin-like drugs in
plasma, causing adverse reactions. A contribution from OATP2B1
in drug disposition cannot be excluded with regard to transporter-
mediated DDIs, especially those drugs transported mainly by this
particular transporter. Because of its ubiquitous expression,
OATP2B1 may play a role in organs other than the liver and may
govern drug uptake in specific microcompartments, such as lung,
muscle, or platelets, which control intracellular drug accumula-
tion and potentially alter drug efficacy or toxicity.

To date, many drugs and exogenous compounds have been
evaluated as OATP substrates and inhibitors. There are some in
vivo interactions in which OATP1B1 inhibition can be regarded as
an important mechanism. In one study, cyclosporine increased
the plasma concentrations of atorvastatin and several other
statins, probably partly due to OATP1B1 inhibition (34). In addi-

TABLE 3 The drug-drug interaction index predicted from in vitro OATP1B1- and OATP2B1-mediated [3H]ES and OATP1B3-mediated [3H]E2G
uptake inhibited by anti-TB drugsa

Anti-TB drug

DDI index (R value � 1 	 [I]/Ki) for:

OATP1B1 OATP2B1 OATP1B3

[I] � Cmax [I] � [I]u inlet,max [I] � Cmax [I] � [I]u inlet,max [I] � Cmax [I] � [I]u inlet,max

PAS 13.70 � 2.3* 26.1 � 4.7* ND ND 26.70 � 2.7* 51.90 � 5.4*
Rifabutin 1.02 � 0.002 1.10 � 0.008 1.13 � 0.002 1.04 � 0.05 1.02 � 0.001 1.10 � 0.008
Ethambutol 1.39 � 0.02 6.52 � 0.28* ND ND 1.49 � 0.20 8.00 � 2.71*
Linezolid 1.84 � 0.17 1.44 � 0.08 2.54 � 0.26* 4.43 � 0.59* 1.87 � 0.11 1.42 � 0.05*
Amoxicillin 1.93 � 0.06 4.33 � 0.23* 1.58 � 0.05 3.1 � 0.18* 2.16 � 0.17 4.67 � 0.61*
Rifapentine 1.69 � 0.12 1.06 � 0.01 1.49 � 0.05 1.02 � 0.005 1.25 � 0.03 1.0 � 0.003
Rifampin 13.04 � 0.34 6.6 � 0.16* 1.26 � 0.04 1.14 � 0.02 4.59 � 0.28 2.67 � 0.13*
Amikacin ND ND 3.34 � 0.39* 4.21 � 0.55* ND ND
Kanamycin ND ND 1.58 � 0.001 2.24 � 0.5 ND ND
Streptomycin ND ND 3.20 � 0.13* 4.29 � 0.24* ND ND
Roxithromycin ND ND 1.10 � 0.007 1.02 � 0.002 ND ND
Clarithromycin ND ND ND ND 2.5 � 0.22* 2.52 � 0.21*
Clofazimine ND ND 1.15 � 0.02 1.0 � 0.001 1.15 � 0.01 1.00 � 0.001
a The R values were determined using the inhibition constant, Ki, with the maximum systemic concentration, Cmax (bound 	 unbound), of the anti-TB drugs as [I] and the
maximum unbound concentration inlet to the liver, [I]u inlet,max, following the regulatory guidelines described in the text. R values represent means � SD obtained from the
inhibition constants from three or more independent experiments. ND, not determined. *, statistically significant at P 
 0.05. An asterisk indicates the result is significant according
to FDA, MHLW, and EMA guidance for prototypical substrates in which the R values are greater than the corresponding cutoff values recommended by the regulatory authorities
under both Cmax (R � 1.1, FDA) and [I]u inlet,max (R � 1.25, FDA and MHLW; R � 1.04, EMA) conditions. The cutoff value is expressed as the suggested value according to the
upper limit of the equivalence range by the FDA.

TABLE 4 The drug-drug interaction index (R value) predicted from in
vitro OATP1B1-mediated uptake of 1 �M rosuvastatin as inhibited by
anti-TB drugsa

Anti-TB drug

Drug-drug interaction index (R value)

Ki (�M)

R value � 1 	 [I]/Ki

[I] � Cmax [I] � [I]u inlet,max

PAS 32.0 27.5 � 6.8 55.5 � 12.3*
Rifabutin 12.3 0.05 � 0.001 1.30 � 0.31*
Ethambutol 29.8 1.20 � 0.46 17.9 � 3.40*
Linezolid 35.0 2.44 � 0.62 2.19 � 0.92*
Amoxicillin 13.0 2.56 � 0.63 10.0 � 2.4*
Rifapentine 11.0 1.60 � 0.32 1.16 � 0.54
a The R values were determined using the inhibition constant, Ki, with the maximum
systemic concentration, Cmax (bound 	 unbound), of the anti-TB drugs as [I] and the
maximum unbound concentration inlet to the liver, [I]u inlet,max, following the
guidelines described in the text. The R value represents the mean � SD from triplicate
experiments. An asterisk indicates the result is significant according to FDA, MHLW,
and EMA guidance for prototypical substrates in which the R values are greater than the
corresponding cutoff values recommended by the regulatory authorities under both
Cmax (R � 1.1, FDA) and [I]u inlet,max (R � 1.25, FDA and MHLW; R � 1.04, EMA)
conditions. The cutoff value is expressed as the suggested value according to the upper
limit of the equivalence range by the FDA.
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tion to the statins, cyclosporine has been reported to increase the
mean AUC of repaglinide �2.5-fold in healthy subjects (35). Ri-
fampin is an inhibitor of OATP1B1 and OATP1B3 in vitro and
also in vivo: in a reported case of intravenous administration of
rifampin immediately before the “victim” drug, the area under the
concentration-time curve (AUC) of atorvastatin increased �7-
fold (29), whereas oral treatment with rifampin over 5 days was
reported to decrease the AUC of atorvastatin by �80%. This was
probably due to induction of CYP3A4. These data suggest that
hepatic uptake transporters can compensate for reduced uptake
by rifampin via OATPs. Also there is a possibility of interaction
within the TB regimen; for example, rifampin hepatic uptake can
be inhibited by ethambutol, PAS, and other drugs. Moreover,
these clinical studies suggest that “victim” drug and inhibitor si-
multaneous coadministration via the same route can play a key
role in drug interactions. In this study, we used the substrates and
inhibitor drugs at the same time, incubated with transporter-
overexpressing cells, to observe the drug interactions described by
others. Furthermore, we conducted this study following FDA
guidelines and well-established methods to minimize errors in the
design of experimental conditions. We used two experimental
models (Xenopus oocytes and stable cell lines) to generate more
precise and accurate data. Both systems revealed novel inhibitory
potential of some anti-TB drugs on OATP uptake with largely
similar profiles. Among the anti-TB drugs studied, many in vitro
and clinical DDI studies on rifampin have been previously re-
ported. However, this study showed that not only rifampin but
also other clinically prescribed first- and second-line anti-TB
drugs have moderate to significant inhibitory effects on OATP-
mediated uptake in the liver. These findings showed a similar pat-
tern to that of a previous report that ethambutol mildly inhibits
organic cation transporter (OCT) transporter-mediated uptake
and results in DDIs with OCT substrates, such as 3H-labeled
1-methyl-4-phenylpyridinium (MPP) and metformin (36).
Anti-TB drug-induced toxicity and/or treatment failure continues
to be a serious issue, and DDIs with combination TB-diabetes
therapy and anti-HIV therapy have been observed. Such DDIs
could be overcome by understanding the involvement of meta-
bolic enzymes and transporters. We believe this study will be help-
ful to facilitate pharmacotherapy for TB and coinfected disease
management. A limitation of this study may be that we evaluated
the inhibitory potential and DDI index R value for only parent
drugs. Some drugs have reactive metabolites with potential inhib-
itory effects on transporter uptake, which should be taken into
consideration in future studies. This in vitro study and the DDI
index predictions used a static model. Despite the limitations of
the static model, it is used widely for DDI prediction because of its
simplicity, although it can produce false-negative DDI predictions
if precautions are not taken during data fitting. The DDI index R
score is described in the FDA draft guidance document (27),
which only considers a single route of drug disposition. However,
clinical DDIs can be impacted by several disposition routes.

In conclusion, to our knowledge, this the first characterization
of 22 anti-TB drugs for inhibitory potential against OATP1B1-,
OATP2B1-, and OATP1B3-mediated uptake using Xenopus
oocytes and HEK cell lines. These findings may be helpful to max-
imize the safety and efficacy of TB pharmacotherapy. To under-
stand this inhibitory interaction potential in greater detail, in vivo
studies and clinical phenotyping of potential DDIs with anti-TB

medications and other concomitantly used classes of drugs are
required.
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